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A I R C R A F T  FLIGHT FLUTTER TESTING AT THE NASA 
AMES-DRYDEN FLIGHT RESEARCH FACILITY 
Michael W. Kehoe* 
NASA Ames Research Center 
Dryden F l i g h t  Research F a c i l i t y  
Edwards, C a l i f o r n i a  
Abs t rac t  
Many parameter i d e n t i f i c a t i o n  techniques have 
been used a t  t h e  NASA Ames Research Center. Dryden 
F l i g h t  Research F a c i l i t y  a t  Edwards A i r  Force Base 
t o  determine t h e  a e r o e l a s t i c  s t a b i l i t y  o f  new and 
m o d i f i e d  research v e h i c l e s  i n  f l i g h t .  Th i s  paper 
p resen ts  a sumnary o f  each technique used w i t h  
emphasis on f a s t  F o u r i e r  t rans fo rm methods. 
Experiences gained from a p p l i c a t i o n  o f  these 
techniques t o  va r ious  f l i y h t  t e s t  programs a r e  
discussed. Also presented a re  data-smoothing 
techniques used f o r  t e s t  data d i s t o r t e d  by noise. 
Data a re  presented f o r  va r ious  a i r c r a f t  t o  demon- 
s t r a t e  t h e  accuracy o f  each parameter i d e n t i f i c a -  
















Dryden F l i g h t  Research F a c i l i t y  
advanced f i g h t e r  technology i n t e g r a t i o n  
au to reg ress i ve  moving average 
aeroservoel a s t i c  
cen te r  o f  g r a v i t y  
cathode ray  tube  
f i n i t e  element model 
f a s t  F o u r i e r  t r a n s  form 
s t r u c t u r a l  damping c o e f f i c i e n t  
normal a c c e l e r a t i o n  o f  v e h i c l e  
i n v e r s e  F o u r i e r  t rans fo rm 
kno ts  equi Val e n t  a i  rspeed 
l e a d i n g  edge 
I n t r o d u c t i o n  
* 
Modern, high-performance a i r c r a f t  use t h i n ,  
low-drag a i r f o i l s  designed f o r  maximum aerodynamic 
e f f i c i e n c y .  Th is  has o f t e n  r e s u l t e d  i n  more f l e x -  
i b l e  and f l u t t e r - p r o n e  wings. I n  a d d i t i o n ,  t h e  
use o f  h i g h  gain,  d i g i t a l  f l i g h t  c o n t r o l  systems 
can r e s u l t  i n  an adverse i n t e r a c t i o n  w i t h  t h e  a i r -  
c r a f t  s t r u c t u r a l  modes and cause aeroservoel a s t i c  
i n s t a b i l i t i e s .  The d e s i r e d  f l i y h t  envelope f o r  
new and mod i f i ed  research a i r c r a f t  i s  u s u a l l y  ver-  
i f i e d  t o  be f r e e  o f  these i n s t a b i l i t i e s  through 
f l i g h t  f l u t t e r  t e s t i n g .  To s a f e l y  conduct f l u t t e r  
t e s t i n g ,  p roper  t e s t  p repara t i on  and f l u t t e r  moni- 
t o r i n g  methods a r e  requi red.  
* S t r u c t u r a l  dynamics group leader  and member A I A A .  
I n  a d d i t i o n ,  an accu- 
r a t e  and re1 i a b l e  parameter i d e n t i f i c a t i o n  a lgo-  
r i t h m  t o  es t ima te  frequency and damping o f  c r i t i -  
ca l  s t r u c t u r a l  modes i s  r e q u i r e d  t o  mon i to r  t h e  
a e r o e l a s t i c  s t a b i l i t y  o f  t h e  a i r c r a f t  i n  f l i g h t .  
Numerous parameter i d e n t i f i c a t i o n  techniques 
a r e  a v a i l a b l e  t o  determine t h e  frequency and damp- 
i n g  from f l i g h t  data.1-5 Many o f  these techniques 
es t ima te  frequency and damping f rom response data 
f o r  bo th  atmospheric tu rbu lence  (unknown i n p u t s )  
and fo rced  e x c i t a t i o n  (known i n p u t s ) .  
Many o f  these techniques have been evaluated 
a t  t h e  NASA Ames Research Center, Dryden F l i g h t  
Research F a c i l i t y  (DFRF) t o  determine t h e i r  s u i t -  
a b i l i t y  f o r  a n a l y s i s  o f  f l i g h t  f l u t t e r  t e s t  data. 
Several have been s u c c e s s f u l l y  a p p l i e d  t o  f l i g h t  
t e s t  programs .6-10 
The p r e p a r a t i o n  necessary f o r  f l i g h t  t e s t ,  
f l i g h t  f l u t t e r  t e s t  techniques, f l u t t e r  mon i to r -  
i n g  methods, and the  parameter i d e n t i f i c a t i o n  
a lgo r i t hms  used t o  es t ima te  frequency and damping 
a r e  discussed i n  t h i s  paper. Data from severa l  
example f l i g h t  t e s t  programs a r e  presented t o  
i l l u s t r a t e  f l i g h t  t e s t  techniques and t o  demon- 
s t r a t e  t h e  accuracy o f  t h e  parameter i d e n t i f i c a -  
t i o n  a lgo r i t hms  used. 
F1 i g h t  Test P repara t i on  
Before a safe f l i g h t  research phase can be 
conducted, i t  i s  e s s e n t i a l  t o  take  c e r t a i n  steps 
t o  p r e d i c t  i n s t a b i l i t i e s  and t o  conduct ground 
t e s t s  t o  c o r r e l a t e  w i t h  these p r e d i c t i o n s .  Each 
f l i g h t  research program a t  t h e  DFRF i s  eva lua ted  
p r i o r  t o  f l i y h t  t e s t i n g  t o  determine which ground 
t e s t s  and p r e d i c t i v e  analyses a r e  requi red.  
balance between s a f e t y - o f - f l  i g h t  cons ide ra t i ons  
and the  p a r t i c u l a r  program's t e c h n i c a l  o b j e c t i v e s  
i s  es tab l i shed .  
To p r e d i c t  i n s t a b i l i t i e s ,  a f i n i t e  element 
model (FEM) o f  t h e  e n t i r e  a i r c r a f t  o r  t h e  p o r t i o n  
d e a l i n g  w i t h  the  m o d i f i c a t i o n  i s  generated t o  rep- 
resent  t h e  s t r u c t u r e ' s  mass and s t i f f n e s s  d i s t r i -  
bu t i on .  A v i b r a t i o n  a n a l y s i s  o f  t h e  FEM i s  t hen  
conducted t o  determine t h e  resonant frequency, 
genera l i zed  mass, and mode shape f o r  each s t r u c -  
t u r a l  mode deemed p o t e n t i a l l y  s i g n i f i c a n t .  These 
modal data then  serve as i n p u t  t o  a e r o e l a s t i c  
( f l u t t e r )  analyses f o r  p r e d i c t i o n  o f  p o t e n t i a l  
f l u t t e r  mechanisms. Except f o r  a i r c r a f t  w i t h  
manual, nonhydraul i c  f l  i y h t  c o n t r o l  systems, an 
aeroservoel as t  i c  ana lys i  s i s  a1 so performed t o  
eva lua te  t h e  s t a b i l i t y  o f  t h e  i n t e r a c t i o n  of t h e  
f l i g h t  c o n t r o l  system w i t h  t h e  s t r u c t u r a l  modes 
o f  t h e  f l i g h t  t e s t  veh ic le .  
Ground t e s t s  a r e  then  done t o  c o r r e l a t e  w i t h  
these p r e d i c t i o n s .  
da ta  can be c o r r e l a t e d  w i t h  t h e  y l o b a l  s t i f f n e s s  
A 
S t a t i c  l oad  d e f l e c t i o n  t e s t  
p r o p e r t i e s  used i n  t h e  FEM. 
c.g. l oca t i ons ,  and i n e r t i a  moments o f  t he  t o t a l  
v e h i c l e  and components are compared w i t h  ca lcu-  
l a t e d  mass p roper t i es .  
p r o v i d e  measured modal data t o  c o r r e l a t e  w i t h  t h e  
r e s u l t s  o f  a n a l y t i c a l  v i b r a t i o n  analyses. Open 
loop  ground v i b r a t i o n  t e s t s  a re  conducted t o  mea- 
su re  t h e  f l i g h t  c o n t r o l  computer sensor feedback 
s i g n a l s  t o  c o r r e l a t e  w i t h  t h e  ae rose rvoe las t i c  
a n a l y s i s  p red ic t i ons ,  and c losed loop aeroservo- 
e l a s t i c  t e s t s  a re  used t o  eva lua te  t h e  i n t e r a c -  
t i o n  o f  t h e  f l i g h t  c o n t r o l  system w i t h  e l a s t i c  
s t r u c t u r a l  modes. The o v e r a l l  s t r u c t u r a l  and 
f l i g h t  c o n t r o l  system i n t e r a c t i o n s  a r e  explored 
d u r i n g  ground resonance and l i m i t  c y c l e  ga in mar- 
g i n  tests.11,12 
Measured weights, 
Ground v i b r a t i o n  t e s t s  
Steady and unsteady aerodynamics p l a y  an 
impor tan t  r o l e  i n  a e r o e l a s t i c  and aeroservo- 
e l a s t i c  i n s t a b i l i t i e s .  Wind tunnel  t e s t s  o f  
dynamical ly  sca led f l u t t e r  models are sometimes 
performed t o  c o n f i r m  p r e d i c t e d  f l u t t e r  speeds.13 
Measured quasi-steady aerodynamic fo rces  a re  some- 
t imes obta ined from wind tunnel  t e s t s  o f  r i g i d  
models w i t h  i ns t rumen ta t i on  t o  measure t o t a l  a i r -  
c r a f t  aerodynamic d e r i v a t i v e s ,  pressure d i s t  r i  bu- 
t i o n s ,  and c o n t r o l  sur face h inge moments. 
F l i g h t  F l u t t e r  Test Techniques 
The choice o f  f l i g h t  f l u t t e r  t e s t  technique i s  
u s u a l l y  d i c t a t e d  by t h e  presence o r  l ack  o f  an on- 
board e x c i t a t i o n  system. I n  general,  t h e  problem 
o f  i d e n t i f y i n g  several modes o f  v i b r a t i o n  t o  e s t i -  
mate damping l e v e l s  i s  much e a s i e r  and produces 
h ighe r  q u a l i t y  r e s u l t s  w i t h  mechanical e x c i t a t i o n  
systems.14 However, a i r c r a f t  can be s a f e l y  f l u t -  
t e r  t e s t e d  by us ing  n a t u r a l  atmospheric tu rbu -  
l ence  and p i l o t - i n d u c e d  c o n t r o l  su r face  pulses 
f o r  s t r u c t u r a l  e x c i t a t i o n .  
The f l i g h t  t e s t  procedure used w i t h  fo rced  
e x c i t a t i o n  i s  t o  conduct symmetric and antisym- 
m e t r i c  s inuso ida l  frequency sweeps, dwel ls ,  o r  
b o t h  a t  each f l i g h t  cond i t i on .  The sweep r a t e  
i s  dependent on the  frequency and damping l e v e l s  
o f  t h e  modes t o  be exc i ted.  Modes below 20 Hz 
have been success fu l l y  e x c i t e d  w i t h  sweep r a t e s  
as h igh  as 0.5 Hz per sec.15 Fast l o g a r i t h m i c  
sweeps (4.5 decades per  min) have been success- 
f u l l y  used t o  e x c i t e  modes i n  t h e  frequency range 
o f  10 t o  40 Hz.14 
Frequency dwe l l s  are u s u a l l y  conducted f o r  t he  
The d u r a t i o n  o f  a frequency dwel l  
c r i t i c a l  s t r u c t u r a l  modes invo lved  i n  t h e  f l u t t e r  
mechanism only. 
i s  u s u a l l y  3 t o  5 sec. 
D ive  maneuvers are requ i red  t o  o b t a i n  airspeeds 
g rea te r  than those t h a t  can be achieved i n  s t r a i g h t  
and l e v e l  f l i g h t .  For these t e s t  po in ts ,  an a l t i -  
tude band o f  approximately k1,OUO f t  i s  created 
around the  des i red  t e s t  a l t i t u d e  a t  which data are 
acquired, regard less o f  e x c i t a t i o n  type. Usual ly ,  
t e s t  p o i n t s  t h a t  r e q u i r e  a d i v e  g rea te r  than 30" 
a r e  no t  attempted owing t o  s i g n i f i c a n t l y  l a r g e r  
a l t i t u d e  changes i n  a g iven t ime  per iod.  
i f  necessary so t h a t  t h e  sweep i s  accomplished 
For  a d ive,  t h e  sweep r a t e  may be changed 
w i t h i n  the  t e s t  a l t i t u d e  band. However, as t h e  
d i v e  angle becomes steeper, t h e  t ime  i n  t h e  a l t i -  
t ude  band becomes s h o r t e r  and sweeps can no l onger  
be conducted. A t  these t e s t  cond i t i ons ,  sinuso- 
i d a l  frequency dwel ls  a t  t he  p r e d i c t e d  c r i t i c a l  
f l u t t e r  mode frequency can s t i l l  be conducted t o  
ensure t h a t  t h e  c r i t i c a l  mode i s  exc i ted.  
The m a j o r i t y  o f  t he  f l i g h t  research veh ic les  
a t  t h e  DFHF are tested' us ing  n a t u r a l  atmospheric 
turbulence. With t h i s  t ype  o f  e x c i t a t i o n ,  nor-  
m a l l y  60 sec o f  s t a b i l i z e d  data i s  obtained. On 
some programs, 120 sec o f  data have been acqui red 
when c l o s e l y  spaced modes a re  present. Modal den- 
s i t y  can be a problem w i t h  t h i s  t ype  o f  e x c i t a t i o n  
s ince  a1 1 s t r u c t u r a l  modes a re  e x c i t e d  siniul tane- 
ously. Adding and s u b t r a c t i n g  o f  app rop r ia te  
accelerometer t ime  h i s t o r y  s i g n a l s  can a s s i s t  
i n  separa t i ng  symmetric and a n t i s y m n e t r i c  
modes, respec t i ve l y ,  and thereby reduce t h e  
modal dens i t y .  
Na tu ra l  atmospheric tu rbu lence  e x c i t a t i o n  
u s u a l l y  requ i res  t e s t i n g  a t  two o r  t h r e e  d i f -  
f e r e n t  a l t i t u d e s .  Tes t i ng  i s  conducted i n  an 
a i rspeed bu i l d -up  approach a t  t h e  h ighes t  a l t i -  
tude i n  order  t o  s t a r t  t he  t e s t i n g  a t  t h e  lowest  
dynamic pressure. General ly, t h e r e  i s  l i t t l e  o r  
no s t r u c t u r a l  e x c i t a t i o n  a t  these h ighe r  a l t i t u d e s  
due t o  t h e  l ack  o f  turbulence.  Th is  r e s u l t s  i n  
poor s igna l  - to-noise r a t i o s  and makes data analy-  
s i s  d i f f i c u l t .  I n  a d d i t i o n ,  a t  each t e s t  p o i n t  
a l l  o f  t h e  s t r u c t u r a l  modes may no t  be adequately 
e x c i t e d  t o  es t ima te  damping, r e s u l t i n g  i n  ho les i n  
t h e  damping t r e n d  in fo rma t ion .  A t  lower  a l t i -  
tudes, t u rbu lence  i s  more r e a d i l y  found, and t h e  
l a c k  o f  adequate e x c i t a t i o n  becomes l e s s  o f  a 
problem. A t  t h e  lower  a l t i t u d e s ,  t h e  p o t e n t i a l l y  
c r i t i c a l  areas o f  t h e  f l i g h t  envelope a re  cleared. 
Test p o i n t s  t h a t  r e q u i r e  d i ves  can be accom- 
p l  ished by a c q u i r i n g  random s t r u c t u r a l  responses 
caused by n a t u r a l  atmospheric turbulence. One o r  
more averages o f  data can be acqui red i n  t h e  t e s t  
band, depending on d i v e  angle and a i rspeed o f  t h e  
t e s t  vehic le .  The d i v e  maneuver can be repeated 
u n t i l  t h e  des i red  number o f  averages i s  obta ined 
t o  p rov ide  a good s t a t i s t i c a l  sample o f  data a t  
t h i s  t e s t  cond i t i on .  
For  l a r g e  t r a n s p o r t  t ype  a i r c r a f t ,  c o n t r o l  
su r face  pulses have worked w e l l  owing t o  t y p i -  
c a l l y  lower  pr imary modal frequencies. A c o n t r o l  
su r face  pu lse  can t y p i c a l l y  e x c i t e  modes up t o  a 
frequency o f  5 Hz. Since t h e  m a j o r i t y  o f  e l a s t i c  
modes o f  i n t e r e s t  f o r  t h e  pr imary sur faces a re  l e s s  q 
than 5 Hz f o r  t r a n s p o r t  t ype  a i r c r a f t ,  t h i s  t ype  
o f  e x c i t a t i o n  i s  s u i t a b l e ,  Pulses a re  u s u a l l y  
done i n  both d i r e c t i o n s  and f o r  a l l  t h r e e  axes. 
For  t e s t  p o i n t s  t h a t  r e q u i r e  d ives,  t h e  
a i r c r a f t  i s  pulsed i n  o n l y  one d i r e c t i o n  i n  
t h e  p i t c h ,  r o l l ,  and yaw axes i n  t h e  des i red  
t e s t  a l t i t u d e  band. These pulses can u s u a l l y  
be accomplished i n  t h e  t e s t  a l t i t u d e  band even 
f o r  steep d ives.  
and a u t o p i l o t s  on t h e  v e h i c l e ' s  a e r o e l a s t i c  s ta -  
b i l i t y  a re  checked p e r i o d i c a l l y  d u r i n g  t h e  f l u t t e r  
envelope expansion. I n  a d d i t i o n ,  t h e  e f f e c t  o f  
The e f f e c t s  o f  s t a b i l i t y  augmentation systems 
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angle o f  a t t a c k  on s t r u c t u r a l  damping i s  a l s o  mon- 
i t o r e d  by performing t u r n s  a t  normal a c c e l e r a t i o n  
l e v e l s  above 1 9. 
acqui red f o r  every o t h e r  t e s t  po in t .  
A r e a l - t i m e  guidance system was developed t o  
a i d  t h e  p i l o t  i n  m a i n t a i n i n g  t h e  f l i g h t  t e s t  con- 
d i t i ons .16  With t h i s  system t h e  p i l o t  f l i e s  t h e  
a i r p l a n e  t o  minimize t h e  computed d i f f e r e n c e s  
between t h e  des i red  and ac tua l  f l i g h t  s t a t e  con- 
d i t i o n  ( a l t i t u d e  and Mach number). The computed 
d i f f e r e n c e s  a re  te lemetered t o  t h e  a i r p l a n e  from a 
ground-based computer. The p i l o t  then uses a cock- 
p i t  d i s p l a y  as an a i d  t o  acqu i re  and h o l d  des i red  
t e s t  cond i t i ons .  Th is  approach has been found t o  
be a very e f f e c t i v e  way t o  o b t a i n  e x c e p t i o n a l l y  
accu ra te  s t a b i l i z e d  f l i g h t  t e s t  cond i t i ons .  
T y p i c a l l y ,  these data a re  
F l u t t e r  M o n i t o r i n g  
The a e r o e l a s t i c  s t a b i l i t y  o f  t h e  v e h i c l e  i s  
con t inuous ly  monitored d u r i n g  f l i g h t  f l u t t e r  t e s t -  
i n g  i n  a dedicated ground s t a t i o n  f a c i l i t y .  
erometers, s t r a i n  gages, o r  both a re  mounted on 
t h e  t e s t  v e h i c l e  t o  measure s t r u c t u r a l  response. 
These t ransducer  ou tpu ts  a r e  te lemetered t o  t h e  
ground s t a t i o n  and d i sp layed  on s t r i p  char ts .  The 
t r a c e s  are observed f o r  s inuso ida l  mot ion and unu- 
sual modal a c t i v i t y  throughout t h e  t e s t .  For 
onboard e x c i t a t i o n ,  such as frequency sweeps, 
dwel ls ,  and c o n t r o l  su r face  pulses, t h e  r a t e  o f  
decay f o r  t he  modes e x c i t e d  i s  a l s o  monitored. 
Real-t ime frequency s p e c t r a l  a n a l y s i s  d i s p l a y s  
a r e  used t o  moni tor  t h e  change i n  modal energy f o r  
impor tan t  modes d u r i n g  t h e  f l i g h t ,  p a r t i c u l a r l y  
when t h e  v e h i c l e  i s  be ing accelerated t o  t h e  next  
h i g h e r  airspeed. Often, t h e  modes t h a t  a re  
i n v o l v e d  i n  a c r i t i c a l  f l u t t e r  mechanism, such 
as wing bending and t o r s i o n ,  a re  monitored on 
these d i s p l a y s  s imul taneously  t o  observe f r e -  
quency coalescence trends. 
es t ima te  frequency and damping o f  c r i t i c a l  s t r u c -  
t u r a l  modes d u r i n g  t h e  f l i y h t  t e s t .  A f t e r  data 
a c q u i s i t i o n  o f  u s u a l l y  4 t o  10 channels o f  accel -  
erometer outputs ,  approx imate ly  30 sec pe r  data 
channel i s  c u r r e n t l y  requ i red  f o r  data a n a l y s i s  
and a hard copy o f  r e s u l t s .  The two channels o f  
data, which a re  determined t o  be the  ones w i t h  t h e  
most modal i n fo rma t ion ,  a re  t y p i c a l l y  analyzed 
d u r i n g  t h e  f l i g h t  t e s t  t o  es t ima te  t h e  frequency 
and damping of t h e  s t r u c t u r a l  modes. These values 
a r e  then  p l o t t e d  as a f u n c t i o n  of airspeed. 
ance t o  t h e  next  h ighe r  a i rspeed p o i n t  i s  g iven by 
t h e  f l u t t e r  t e s t  d i r e c t o r  a f t e r  t h e  damping coef-  
f i c i e n t s  and t rends  f o r  t h e  s t r u c t u r a l  modes a re  
determined t o  be s a t i s f a c t o r y .  
l y s i s  i s  performed between f l i g h t s .  
u s u a l l y  cons i s t s  o f  ana lyz ing  t h e  remaining data 
channels and e s t a b l i s h i n g  frequency and damping 
t r e n d s  f o r  s t r u c t u r a l  modes t h a t  a re  considered 
n o t  t o  be c r i t i c a l .  
Accel- 
Sof tware i s  implemented on a minicomputer t o  
Clear-  
A d d i t i o n a l ,  comprehensive p o s t f l i g h t  data ana- 
Th is  ana lys i s  
F1 u t t e r  Parameter I d e n t  i f i c a t  i on Methods 
Many parameter i d e n t i f i c a t i o n  methods have 
been evaluated a t  t h e  DFRF t o  determine t h e i r  
s u i t a b i l i t y  f o r  a n a l y s i s  o f  f l i g h t  f l u t t e r  t e s t  
data. The ones t h a t  have been used most success- 
f u l l y  a re  t h e  f a s t  F o u r i e r  t ransform,  t ime  l a y  
products ,  and r e c u r s i v e  i d e n t i f i c a t i o n  a lgor i thms.  
Fast F o u r i e r  Transform Methods 
The f a s t  F o u r i e r  t rans fo rm method i s  t h e  
pr imary technique used a t  t h e  DFRF t o  c l e a r  an 
a e r o e l a s t i c  and ae rose rvoe las t i c  f l i g h t  enve- 
l ope  i n  near- rea l  t ime. Th is  method can be used 
f o r  both tu rbu lence  and onboard mechanical 
e x c i t e d  responses. 
The random-data power spectrum a n a l y s i s  con- 
s i s t s  o f  c a l c u l a t i n g  t h e  power spectrum f o r  each 
average o f  random data. A f l o w  c h a r t  i s  shown i n  
Fig. 1. Random data a r e  t y p i c a l l y  acqui red us ing  
a data b lock  s i z e  o f  1024 samples and a sampling 
r a t e  o f  100 samples pe r  sec (10.24 sec o f  data pe r  
average). The frequency con ten t  o f  t h i s  data i s  
obta ined by pe r fo rm ing  t h e  f a s t  F o u r i e r  t rans fo rm 
(FFT). This  complex frequency f u n c t i o n  i s  t hen  
m u l t i p l i e d  by i t s  complex conjugate t o  o b t a i n  a 
power spectrum. The procedure i s  repeated and t h e  
power spect ra a r e  averaged u n t i l  a l l  o f  t h e  t ime  
h i s t o r y  data a re  used; Fig. 2 i s  an example o f  t h e  
f i n a l  averaged power spectrum. Note t h a t  f o r  t h i s  
example one l a r g e r  mode o f  v i b r a t i o n  e x i s t s  w i t h  
two sma l le r  o r  secondary modes. A t  t h i s  t i m e  t h e  
f l u t t e r  engineer s e l e c t s  t h e  pr imary mode o f  
i n t e r e s t  and decides which modes w i l l  be zeroed 
ou t  i n  t h e  frequency domain us iny  a boxcar window 
t o  produce a s i n g l e  degree o f  freedom spectrum. 
By per forming an i n v e r s e  F o u r i e r  t rans fo rm ( IFT)  
o f  t h e  s i n g l e  degree o f  freedom power spectrum, 
a c i r c u l a r  a u t o c o r r e l a t i o n  f u n c t i o n  (F ig .  3)  i s  
obtained. Th is  a u t o c o r r e l a t i o n  i s  a comparison 
o f  t he  s igna l  w i t h  i t s e l f  as a f u n c t i o n  o f  a t ime  
s h i f t  and i s  mathemat ica l ly  symnetr ic  w i t h i n  t h e  
block. A t  t h i s  t ime, zeros a re  i n s e r t e d  t o  smooth 
t h e  data. The zeros remove t h e  r i g h t  p o r t i o n  o f  
t h e  a u t o c o r r e l a t i o n  f u n c t i o n  and remove t h e  no ise  
t a i l s .  F i g u r e  4 shows t h e  a u t o c o r r e l a t i o n  func- 
t i o n  a f t e r  t h e  zeros have been inse r ted .  The 
a u t o c o r r e l a t i o n  f u n c t i o n  i s  m u l t i p l i e d  by an 
exponent ia l  window t o  smooth t h e  t r a n s i t i o n  t o  
t h e  zero values. Th is  window i s  equal t o  u n i t y  
a t  zero sec and has a va lue o f  0.02 a t  t h e  c u t o f f  
t ime  se lec ted  by t h e  operator. The r e s u l t i n g  
a u t o c o r r e l a t i o n  f u n c t i o n  i s  shown i n  Fig. 5. A 
F o u r i e r  t rans fo rm o f  t h i s  a u t o c o r r e l a t i o n  func- 
t i o n  gave t h e  smoothed power spectrum shown i n  
F ig .  6. 
f i t  t o  t h e  peak. The modal frequency i s  d e f i n e d  
as t h e  frequency a t  t h e  peak, and t h e  s t r u c t u r a l  
damping i s  determined f rom t h e  hal f -power f r e -  
quencies, t h a t  i s ,  s t r u c t u r a l  damping i s  t h e  
upper half-power frequency minus t h e  lower  h a l f -  
power frequency, a l l  d i v i d e d  by t h e  modal frequen- 
cy. The output  o f  modal i n f o r m a t i o n  i s  p r i n t e d  
on Fig. 6 .  Th is  i n f o r m a t i o n  c o n s i s t s  o f  t h e  
f o l  1 owing: 
A least -squared e r r o r  p a r a b o l i c  curve i s  t hen  
1. Flodal frequency , 
2. To ta l  dampiny which i s  a sum o f  t h e  expo- 
n e n t i a l  smoothing f u n c t i o n  damping and t h e  modal 
damping ( t o t a l  damping ( G ) ) ,  
3 
3. Modal damping which i s  t h e  damping va lue 
ob ta ined  a f t e r  t he  exponent ia l  smoothing f u n c t i o n  
damping was subtracted (damping ( G ) ) ,  and 
4 .  Number o f  t he  power spectrum data p o i n t s  
used i n  t h e  least -squared e r r o r  curve f i t  (number 
o f  p o i n t s  i n  f i t ) .  
A frequency response f u n c t i o n  i s  c a l c u l a t e d  
when a measurement o f  t h e  e x c i t a t i o n  f o r c e  i s  
a v a i l a b l e .  
b lock  o r  may be averaged i n t o  one data b lock  by 
e i t h e r  t ime  o r  frequency averaging. 
i n g  has been shown t o  be b e t t e r  f o r  s i n e  sweeps.17 
The data b lock  s i z e  and sampling r a t e  a r e  se lected 
t o  acqu i re  t h e  data w i t h i n  the  t ime  requ i red  f o r  
t h e  sweep. Once t h e  frequency response f u n c t i o n  
i s  ca l cu la ted ,  frequency and damping can be e s t i -  
mated us ing  the  same procedure as f o r  t he  random 
data power spectrum ana lys i s .  
determin ing t h e  frequency and damping from f r e -  
quency response func t i ons .  Near each resonant 
response, a near c i r c l e  i s  t r a c e d  out  i n  the  
Argand p lane (F ig .  7) .  The p o i n t  on t h e  p l o t  
where the  g rea tes t  change i n  arc  l e n g t h  per u n i t  
o f  frequency occurs i s  t h e  n a t u r a l  frequency. The 
damping o f  each mode i s  determined from t h e  f r e -  
quency r a t e  o f  change a long t h e  resonance curve.18 
A least -squared e r r o r  c i r c l e  f i t  i s  performed t o  
determine the  frequency and damping. 
The data may be acqui red i n t o  one data 
Time averag- 
An a l t e r n a t e  a n a l y s i s  method i s  a v a i l a b l e  f o r  
The accuracy o f  t h e  damping es t ima te  i s  c r i t i -  
c a l l y  dependent on the  s e l e c t i o n  o f  t h e  zero i n s e r -  
t i o n  and exponent ia l  c u t o f f  t imes. Th is  i s  an 
impor tant  p o i n t  concern ing t h e  use o f  t h i s  a lgo-  
r i thm.  The ana lys t  must dec ide how many seconds 
o f  t he  s i g n a t u r e  a r e  t r u l y  r e p r e s e n t a t i v e  o f  t h e  
s t r u c t u r e .  Therefore, t h e  ana lys t  must know as 
much about t h e  a i r c r a f t  modal c h a r a c t e r i s t i c s  as 
p o s s i b l e  p r i o r  t o  f l i y h t  t e s t i n y  i n  o rde r  t o  make 
i n t e l l i g e n t  dec i s ions  concern iny exponent ia l  c u t o f f  
t imes and t h e i r  e f f e c t s  on t h e  r e s u l t i n g  estimates. 
Au toco r re l  a t i o n  f u n c t i o n s  o f  s imulated data 
were used t o  study t h e  e f f e c t s  o f  v a r y i n g  t h e  zero 
i n s e r t i o n  and exponent ia l  c u t o f f  t imes on t h e  e s t i -  
mat ion o f  damping. Shown i n  F igs.  8 and 9 a r e  
au toco r re l  a t i o n  f u n c t i o n s  o f  s imulated data w i t h  
a s i g n a l - t o - n o i s e  r a t i o  o f  i n f i n i t y  and a s i g n a l -  
t o -no ise  r a t i o  o f  10, r e s p e c t i v e l y .  Typica l  
f l i g h t  t e s t  data obta ined from atmospheric t u r -  
bulence e x c i t a t i o n  has a s igna l - to -no ise  r a t i o  o f  
about 10. S igna l - to -no ise  r a t i o s  a r e  g e n e r a l l y  
h ighe r  w i t h  mechanical e x c i t a t i o n .  The mode i n  
F ig .  8 has a frequency o f  8.0 Hz and a s t r u c t u r a l  
damping o f  0.099, whereas t h e  mode i n  F ig .  9 has 
a frequency o f  7.83 Hz and a s t r u c t u r a l  damping 
o f  0.090. 
Shown i n  Figs. 10 and 11 a r e  t h e  damping 
est imates which r e s u l t e d  by va ry iny  t h e  zero 
i n s e r t i o n  t ime  from 5.12 t o  0.62 sec w h i l e  main- 
t a i n i n g  the  exponent ia l  c u t o f f  t ime  constant  a t  
7.5 sec f o r  the a u t o c o r r e l a t i o n  func t i ons  shown 
i n  F igs.  8 and 9. As i n d i c a t e d  i n  bo th  f i gu res ,  
t h e  damping es t ima te  increased i n  va lue o n l y  when 
t h e  i n s e r t e d  zeros e l i m i n a t e d  data p o i n t s  from 
the  a u t o c o r r e l a t i o n  f u n c t i o n  t h a t  t r u l y  repre-  
sented t h e  response o f  t h e  s t r u c t u r e .  It i s  a l s o  
i n t e r e s t i n y  t o  note, t h a t  w i t h  an i n f i n i t e  s i g n a l -  
t o -no ise  r a t i o ,  very l i t t l e  smoothing i s  r e q u i r e d  
t o  o b t a i n  an accurate es t ima te  of damping w h i l e  
t h e  a u t o c o r r e l a t i o n  f u n c t i o n  w i t h  a s i y n a l - t o -  
no i se  r a t i o  o f  10 y i e l d e d  a l e s s  accurate e s t i -  
mate o f  damping w i t h  the  same smoothing. 
The e f f e c t s  o f  va ry ing  t h e  exponen t ia l  win- 
dow c u t o f f  t i m e  are a l so  shown i n  Figs. 10 and 
11. The damping values were ob ta ined  by ma in ta in -  
i n g  t h e  zero i n s e r t i o n  t ime  constant  a t  1.5 sec 
and then  va ry ing  t h e  exponent ia l  c u t o f f  t i m e  from 
5.12 t o  0.62 sec fo r  t he  a u t o c o r r e l a t i o n  f u n c t i o n s  
shown i n  Figs. 8 and 9. M u l t i p l i c a t i o n  o f  t h e  
i n f i n i t e  s igna l - to -no ise  r a t i o  a u t o c o r r e l a t i o n  
f u n c t i o n  (F ig .  8 )  w i t h  an exponent ia l  window i n d i -  
cated degradat ion i n  accuracy o f  t h e  damping e s t i -  
mate as t h e  c u t o f f  t ime  was decreased. For  t h e  
a u t o c o r r e l a t i o n  f u n c t i o n  w i t h  a s igna l - to -no ise  
r a t i o  o f  10 (F ig.  9) .  t h e  exponent ia l  window i n i -  
t i a l l y  improved t h e  damping est imate,  b u t  f u r t h e r  
decreases i n  t h e  c u t o f f  t i m e  below 3 sec degraded 
t h e  damping estimates. 
Recursive I d e n t i f i c a t i o n  A lgo r i t hm 
An a l g o r i t h m  t o  est imate frequency and damping 
us ing  a r e c u r s i v e  i d e n t i f i c a t i o n  t e c h n i q u e l g  w i t h  
fo rced  and n a t u r a l  t u rbu lence  e x c i t a t i o n  i s  used 
d u r i n g  p o s t f l i g h t  a n a l y s i s  o f  data. Recurs ive 
i d e n t i f i c a t i o n  r e f e r s  t o  a lgo r i t hms  t h a t  update 
es t ima tes  a t  every sampling i n s t a n t .  Autoregres- 
s i v e  moving average (ARMA) models a r e  used i n  t h e  
a lgo r i t hm.  The ARMA model can be overparameter- 
i zed t o  automat ica l  l y  account f o r  c o l o r e d  sensor 
noise. A s igna l - to -no ise  r a t i o  o f  approx imate ly  
10 o r  g rea te r  y i e l d s  accurate frequency and 
damping est imates f o r  f o rced  and n a t u r a l  t u r -  
bulence e x c i t a t i o n .  
The program setup parameters a r e  entered 
i n t e r a c t i v e l y  and c o n s i s t  o f  t h e  f o l l o w i n g :  
1. Spec i f y ing  whether o r  n o t  t h e  i n p u t  
i s known, 
2. 
be analyzed, 
modeled (maximum o f  s i x ) ,  and 
Spec i f y ing  t h e  number o f  data p o i n t s  t o  
Spec i f y iny  t h e  number o f  modes t o  be 3. 
4.  Spec i f y ing  how o f t e n  t h e  frequency and 
damping est imates a r e  p r i n t e d .  
Th is  a l g o r i t h m  has been used w i t h  some success and 
appears t o  be a promis ing approach t o  est imate 
frequency and damping. 
improv ing the  performance o f  t h i s  a lgor i thm.  
Research i s  c o n t i n u i n g  on 
Time Lag Products 
The t i m e  l a g  products  method20 i s  used f o r  
p o s t f l  i g h t  a n a l y s i s  on l y  because o f  t h e  compu- 
t e r  t i m e  requirements. The data a r e  acqui red 
from d i g i t i z e d  t ime  h i s t o r i e s  o f  high-sample- 
r a t e  accelerometer outputs .  
through a d i g i t a l  bandpass f i l t e r  w i t h  t h e  cen te r  
frequency and bandwidth s p e c i f i e d  by t h e  user. 






The a u t o c o r r e l  a t i o n  (random tu rbu lence  e x c i t a t i o n )  
o r  impulse response ( f o r c e d  e x c i t a t i o n )  f u n c t i o n  
i s  c a l c u l a t e d  from t h e  f i l t e r e d  t ime  response data 
and then  transformed i n t o  t h e  frequency domain by 
t h e  d i r e c t  F o u r i e r  t ransform.  Smoothing w i t h  an 
exponent ia l  window can be done be fo re  t h e  t rans -  
fo rma t ion  i s  performed. The modal frequency and 
damping a r e  then determined i n  t h e  same manner as 
f o r  t h e  FFT method. 
exper ience a l i m i t e d  ampl i tude f l u t t e r  o s c i l l a -  
t i o n  a t  0.7 Mach number. 
i n  F ig .  13 was obta ined by a least -squared e r r o r  
f i t  t o  t h e  data. E x t r a p o l a t i o n  o f  t h i s  data t r e n d  
from 0.6 Mach number t o  zero damping prov ided an 
i n s t a b i l i t y  a i rspeed p r e d i c t i o n  which agreed 
c l o s e l y  w i t h  t h e  ac tua l  i n s t a b i l i t y  onset a i r -  
speed encountered. 
The damping t r e n d  shown 
KC-135 Winglet  Program 
Example F1 i g h t  Test Programs 
F-16 Decoupler Pylon Proyram 
The decoupler py lon  program was a concept o f  
pass ive wing-store f l u t t e r  suppression achieved by 
p r o v i d i n g  a low-store-py lon p i t c h  frequency.6 The 
decoupler py lon  dynamical ly  i s o l a t e s  t h e  wing from 
t h e  s t o r e  p i t c h  i n e r t i a  e f f e c t s  by p r o v i d i n g  a low-  
s t o r e  p i t c h  frequency. The s t o r e  was a l lowed t o  
r o t a t e  i n  p i t c h ,  bu t  i t s  mot ion was r e s t r a i n e d  by 
a s o f t  sp r ing  and damper. 
F l i g h t  t e s t s  were performed on an F-16 a i r -  
p lane c a r r y i n g  an AIM-9J m i s s i l e ,  a GBU-8 s tore,  
and a 370-gal ex te rna l  f u e l  tank on each wing 
(F ig .  12). F l i g h t  o f  t h e  a i r p l a n e  w i t h  t h e  GBU-8 
mounted on a standard p roduc t i on  py lon  i s  charac- 
t e r i z e d  by a l i m i t e d  ampl i tude f l u t t e r .  The a i r -  
plane, when f lown w i t h  t h e  GBU-8 mounted on a 
decoupl e r  pylon, successful l y  suppressed t h i  s 
wing-s to re  f l u t t e r  throughout t h e  f l i g h t  envelope. 
Th is  program used an onboard e x c i t a t i o n  sys- 
tem, c o n s i s t i n g  o f  t h e  winy f l ape rons  and n a t u r a l  
atmospheric tu rbu lence  f o r  e x c i t a t i o n .  The wing 
f l ape rons  were commanded t o  p rov ide  s inuso ida l  
frequency sweeps and dwel ls .  
o f  t h e  sweep was from 2 t o  20 Hz and t h e  sweep 
r a t e  was 0.6 Hz per  sec. The frequency d w e l l s  
were se t  f o r  3 sec i n  du ra t i on .  Antisymmetric 
sweeps and d w e l l s  and 60 sec o f  random response 
t o  atmospheric tu rbu lence  were c o l l e c t e d  a t  each 
t e s t  cond i t i on .  
The frequency range 
The frequency sweep data were found n o t  t o  be 
use fu l  f o r  e s t i m a t i o n  o f  frequency and damping. 
The sweep r a t e  was t o o  f a s t  f o r  t h i s  heavy s t o r e  
l o a d i n g  and the  l o c a t i o n  o f  t h e  f laperons on t h e  
inboard p o r t i o n  o f  t h e  wing cou ld  no t  adequately 
e x c i t e  a l l  o f  t h e  modes o f  i n t e r e s t .  I n  t h i s  
case, t h e  sweep r a t e  cou ld  no t  e a s i l y  be changed 
on the  a i r p l a n e  t o  t r y  t o  improve t h e  e x c i t a t i o n  
o f  t h e  modes o f  i n t e r e s t .  
The frequency d w e l l s  (3  sec i n  d u r a t i o n )  were 
used p r i m a r i l y  t o  e x c i t e  the  GBU-8 p i t c h  mode. 
Using t h e  f l ape rons  t o  accomplish t h i s  worked 
e x c e p t i o n a l l y  w e l l .  For t h e  o t h e r  modes, f r e -  
quency and damping values were est imated from 
t h e  response da ta  e x c i t e d  by random atmos- 
pher i c t u r b u l  ence. 
Basel ine f l i g h t s  w i t h  t h e  GBU-8 mounted on a 
s tandard p roduc t i on  py lon  es tab l i shed  t h a t  t h i s  
c o n f i y u r a t i o n  i s  cha rac te r i zed  by an ant isymmetr ic  
l i m i t e d  ampl i tude f l u t t e r  o s c i l l a t i o n  w i t h i n  t h e  
opera t i ona l  f l i y h t  envelope. These base1 i n e  
f l i g h t s  w i t h  t h e  s tandard py lon  prov ided a unique 
o p p o r t u n i t y  t o  v a l i d a t e  the  FFT a l g o r i t h m  s ince  
t h i s  c o n f i g u r a t i o n  was p r e v i o u s l y  determined t o  
A f l i y h t  t e s t  program was conducted on a KC- 
135 a i r p l a n e  (F ig.  14) t o  demonstrate and v a l i -  
date t h e  p o t e n t i a l  a i r c r a f t  performance gains due 
t o  w ing le ts .  Winglets  a r e  small ,  n e a r l y  v e r t i c a l  
aerodynamic surfaces designed t o  be mounted a t  t h e  
t i p s  o f  a i r c r a f t  wings. These f l i g h t  t e s t  wing- 
l e t s  were designed so t h a t  t h e  w i n g l e t  can t  and 
inc idence  angles cou ld  be changed between f l  iyhts .7 
F l i g h t  f l u t t e r  t e s t i n g 8  o f  t h e  a i r p l a n e  was 
requ i red  due t o  t h e  a d d i t i o n  o f  t h e  w i n g l e t s  and 
associated s t r u c t u r a l  m o d i f i c a t i o n s  t o  t h e  wing. 
The a i r p l a n e  was e x c i t e d  w i t h  p i l o t - i n d u c e d  con- 
t r o l  sur face pulses. The FFT a l g o r i t h m  was used 
t o  acqu i re  t h e  s t r u c t u r a l  response from each pulse 
and t o  est imate frequency and damping. 
damped o s c i l l a t i o n  occurred f o r  a w i n g l e t  con- 
f i g u r a t i o n  o f  0' cant  and -4' i nc idence  angles. 
The s u b c r i t i c a l  damping t r e n d  f o r  a 2.6 and a 
3.0-Hz mode a r e  shown i n  F ig .  15. The data exh i -  
b i t e d  a constant  increase i n  frequency f o r  t h e  
2.6-Hz mode w h i l e  t h e  3.0-Hz mode frequency t r e n d  
remained f l a t .  It appeared t h a t  t h e  coalescence 
o f  these two modes was t h e  cause o f  t h e  o s c i l l a -  
t i o n .  The damping t rends  f o r  bo th  modes e x h i b i t  a 
constant  decrease i n  damping s t a r t i n g  a t  330 kno ts  
equ iva len t  a i rspeed (KEAS). The modes cou ld  no 
l onger  be separated a t  a i rspeeds above 356 KEAS. 
Time h i s t o r i e s  o f  severa l  accelerometers a t  t h e  
l a s t  t e s t  p o i n t  a r e  shown i n  F ig .  16. Th is  
example i l l u s t r a t e s  t h e  accuracy o f  t h e  FFT 
a l g o r i t h m  us ing  c o n t r o l  su r face  pulses f o r  
s t r u c t u r a l  e x c i t a t i o n .  
Schweizer 1-36 Deep-Stal l  S a i l p l a n e  
f i e d  t o  conduct a i r c r a f t  c o n t r o l l a b i l i t y  research 
i n  the  deep-s ta l l  r eg ion  above an angle o f  a t t a c k  
o f  30'. The s a i l p l a n e  was a s i n g l e  place, a l l -  
aluminum cons t ruc t i on ,  except f o r  t h e  rudder which 
was covered by f a b r i c .  The h o r i z o n t a l  s t a b i l i z e r  
was a T - t a i l  c o n f i g u r a t i o n ,  and i t  was m o d i f i e d  
so t h a t  i t  cou ld  p i v o t  as much as 70' l ead ing  edge 
down. Th is  s t r u c t u r a l  m o d i f i c a t i o n  made i t  neces- 
sa ry  t o  conduct a f l u t t e r  c lea rance  program. 
t o  i n v e s t i g a t e  the  f l u t t e r  c h a r a c t e r i s t i c s  p r i o r  
t o  f l i g h t  t e s t i n g .  The inst rumented fuselage and 
t a i l  were mounted t o  the  bed o f  a t r u c k  (F igs.  18 
and 19) and t e s t e d  by d r i v i n g  t h e  t r u c k  across a 
d r y  lakebed a t  h i g h  speed i n t o  p r e v a i l i n g  winds. 
I n  t h i s  manner, t h e  ac tua l  in tended maximum a i r -  
speed o f  90 knots  (60-knot groundspeed and 30-knot 
headwind) was s a f e l y  obta ined on t h e  ground. Th is  
approach was taken because t h e  non l i nea r  s t r u c -  
t u r a l  dynamic c h a r a c t e r i s t i c s  o f  t h e  p i v o t i n g  t a i l  
F l i g h t  t e s t  r e s u l t s  i n d i c a t e d  t h a t  a l i g h t l y  
A Schweizer 1-36 s a i l p l a n e  (F ig .  1 7 )  was modi- 
A unique approach was taken  on t h i s  program 
5 
prec luded a convent ional  f l u t t e r  ana lys i s .  Upon 
complet ion o f  t h e  ground t e s t ,  a f l i g h t  f l u t t e r  
t e s t 9  was conducted. 
Since the s a i l p l a n e  was i n  a cont inuous 
descent d u r i n g  f l i g h t ,  t h e  v e h i c l e  was s t a b i l i z e d  
a t  a constant  airspeed, and data was acqui red i n  
a l t i t u d e  bands o f  t 1 , O O O  ft about t h e  d e s i r e d  t e s t  
a1 t i t u d e .  Natura l  atmospheric tu rbu lence  was used 
as e x c i t a t i o n ,  and t y p i c a l l y  20 sec o f  data was 
acqui red a t  each t e s t  p o i n t  s ince  the  amount o f  
f l i g h t  t ime  was l i m i t e d  on each f l i g h t .  
The s a i l p l a n e  was c lea red  i n  r e a l  t i m e  by mon- 
i t o r i n g  accelerometer t ime  h i s t o r y  t r a c e s  on a 
s t r i p  cha r t .  It was f e l t  t h a t  t h i s  method o f  
c l e a r i n g  the  envelope was safe based on t h e  
ground f l u t t e r  (truck-mounted) t e s t  r e s u l t s .  
P o s t f l i g h t  a n a l y s i s  cons is ted  o f  e s t i m a t i n g  
t h e  frequency and damping us ing t h e  t ime- lag  pro-  
ducts  a lgor i thm.  Frequency and damping t rends  o f  
severa l  modes were es tab l i shed  from t h i s  1 i m i  t e d  
amount o f  data w i t h  very l i t t l e  s c a t t e r  i n  t h e  
damping estimates. F igures 20 and 21 show t y p i -  
ca l  frequency and damping r e s u l t s  and t h e  agree- 
ment between f l i g h t  and ground t e s t  data. 
AFTI/F-16 Aeroservoel a s t i c  and F l u t t e r  Program 
An F-16 a i r c r a f t  was m o d i f i e d  t o  become a t e s t -  
bed a i r c r a f t  f o r  t h e  advanced f i g h t e r  technology 
i n t e g r a t i o n  (AFTI) program (F ig .  22). Mod i f i ca -  
t i o n s  t o  the a i r p l a n e  inc luded  i n s t a l l i n g  a d i g i -  
t a l  f l i g h t  c o n t r o l  system and adding canards under 
t h e  engine i n l e t  duct .  Ae rose rvoe las t i c  (ASE) and 
f l u t t e r  t e s t i n g  were conducted10 t o  c l e a r  a su f -  
f i c i e n t  f l i g h t  envelope f o r  performance, s t a b i l i t y  
and c o n t r o l ,  and loads t e s t i n g .  
The FFT a l g o r i t h m  was used t o  e s t a b l i s h  t h e  
frequency and damping t rends  f o r  every mode w i t h  
t h e  except ion o f  t h e  symmetric m i s s i l e  p i t c h  and 
ant isymmetr ic  wing-bending modes. These modes 
were h e a v i l y  damped and c l o s e l y  spaced. An analy-  
s i s  us ing  t h e  FFT a l g o r i t h m  r e s u l t e d  i n  smearing 
these modes toge the r  (F ig .  23). The r e c u r s i v e  
i d e n t i f i c a t i o n  a l g o r i t h m  was used and cou ld  sep- 
a r a t e l y  i d e n t i f y  bo th  modes and est imate t h e i r  
r e s p e c t i v e  frequency and damping. 
o f  t h e  convergence o f  t h e  a l g o r i t h m  on a damping 
va lue i s  shown i n  F ig .  24. It was found t h a t  by 
resampling the  400 samples per  sec response data 
a t  25 samples per  sec ( w i t h  app rop r ia te  a n t i a l i a s -  
i n g  f i l t e r s ) ,  no t  o n l y  were the  h ighe r  frequency 
modes removed but  a l s o  t h e  amount o f  s c a t t e r  i n  
t h e  est imated values was reduced. 
An example 
F l i g h t  f l u t t e r  and ASE f l i g h t  t e s t i n g  were 
success fu l l y  accomplished on t h e  AFTI/F-16 a i r -  
plane. 
modes o f  i n t e r e s t  were es tab l i shed  by us ing  t h e  
FFT and r e c u r s i v e  i d e n t i f i c a t i o n  a lgor i thms.  
The frequency and damping t rends  f o r  a l l  
Conclusions 
F l i g h t  f l u t t e r  t e s t i n g  i s  conducted t o  v e r i f y  
t h a t  a des i red  f l i g h t  envelope i s  f r e e  of aero- 
e l a s t i c  and ae rose rvoe las t i c  i n s t a b i l i t i e s .  The 
hardware and sof tware used a t  t h e  DFRF d u r i n g  
6 
f l u t t e r  t e s t i n g  have g iven t h e  t e s t  engineer use- 
f u l  t o o l s  f o r  do ing modal a n a l y s i s  i n  near r e a l  
t ime. 
niques needs t o  be a v a i l a b l e  f o r  t h e  e s t i m a t i o n  
o f  frequency and damping f o r  va r ious  t ypes  o f  
e x c i t a t i o n  and f o r  analyz ing no isy  data. 
technique works bes t  f o r  a l l  s i t u a t i o n s .  Most 
techniques work w e l l  when t h e  s igna l - to -no ise  
r a t i o  o f  t h e  data i s  h igh,  b u t  t end  t o  g i v e  l e s s  
accurate r e s u l t s  when they a r e  a p p l i e d  t o  data 
which have been contaminated by noise. A l l  tech-  
niques a r e  l i m i t e d  t o  some e x t e n t  w i t h  respec t  t o  
t h e  number o f  modes t h a t  can be t r a c k e d  i n  a r e a l -  
t i m e  environment. Several techniques have been 
presented i n  t h i s  paper t h a t  have worked w e l l  a t  
t h e  DFRF i n  near r e a l  t ime. To use these a lgo-  
r i thms,  an experienced f l u t t e r  engineer i s  essen- 
t i a l  t o  t h e  process o f  c o r r e c t l y  ana lyz ing  data 
and de te rm in ing  whether it i s  sa fe  t o  proceed t o  
t h e  next  f l u t t e r  t e s t  p o i n t .  
A v a r i e t y  o f  parameter e s t i m a t i o n  tech-  
No one 
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i n  f l i g h t .  Th is  paper presents  a summary o f  each tech-  
n ique  used w i t h  emphasis on f a s t  F o u r i e r  t rans fo rm methods. 
Experiences gained from a p p l i c a t i o n  o f  these techniques t o  
va r ious  f l i g h t  t e s t  programs a re  discussed. A lso presented 
a re  data-smoothing techniques used f o r  t e s t  data d i s t o r t e d  
by noise. Data a re  presented f o r  var ious a i r c r a f t  t o  demon- 
s t r a t e  t h e  accuracy o f  each parameter i d e n t i f i c a t i o n  tech-  
n ique  discussed. 
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